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The methodology nnd analysis used to charac[crizc the struc[ur:ll

J

pcrfornxmcc of a siib/d as it is subjcztd io la[md and axial loading
during launch is prcscnmi. The me[hod described incorporates both
cxpcrimeml and numerical phxscs in the cvalumion. —

1. MTROl)UCTI(l~
Considerable eff(m has been dcdica[txt to ensuring the structural integrity of long rods

during axial mxxlcm[ion, hu[ Iiulc work has addressed the subjee[ of Iatcril accclcrmion of the
shothxl packngc while it is still in-bore. l>rysdiil~ [ 1] states “Certainly lhc most pressing
urisolvut prohlcm fncing I!IC projectile designer at [hc present time does not invoivc struc[uml
inwgrily dircclly. Rather it is UIC dcvclopmcnt of a mc[hodology which tallows IIIC riuionnl
(!csi~;n of ir!-bore confi~ur:uions so thn[ balloting and sabot scpmtion have a minimal cffwt 011
[h:- Iliflhl of lhc sllll])rojcc.(ilc.’”

(!llilr:lc[cli~.:ltiol] of LIW rcsixmsc of sabot/rod systems to lateral loading is [hc next
fllll(l:llllCll[ :ll SIt.p [() improvin~: SillM)l dcsignsm IIcnchnmrkul iInalyscs and Incthodology will
l)[-ovi(lc I,rojcctilc (Icsifi[)crs wi(ll both (lu:lnlifnlivc :lId qmlit;l[ivc irlfOrIlliUiOl} K) ch:mlctclix
tllc slruulllr;ll illlcj[l ity [JI s;ltx)ls thnt ilrc. sul;jccwd [() kilcral Io;ds during I:mncll,

A null) (irical ;I[l(l cx[)cri[]lclltill l)~()~ril[,l Wiis (llldcr[ilk~ll I() dcmminc N [Ilt:tl)()(l 1“01
(Irscril)in!: ill .I)ol”r Wsl)ollscs ot” SillM)l/r(Xl SySIC[llS to liltCrill I(XI(1S. .Illis proj:rnlll is (Xll[cl (.(1
:IIOIIINI II)C MX;?() S; II M)IIXI Ion[: r(Ml pcnctrmir shoWn in l~ij:tlrc 1 [2] i~nd IhC 120 PIIIII (Iiillll(.(t.r
SI:NM)[II I)ol”r lilllll(.11 tllt)(. [:{1. “Illc pllil(~sophy 01 this slmly W:ls to USC cxpcrillmnl;ll IllClll(Nl~
1“(11-(’cll.llllinil)/: 111(’(1(.[1(’(”[((1Sllill)CS (II’ tllc r(x! :1,1(1 S;IIN)[ :)S tllcy lr:lvclc(l (I[)WII IIlc IilllllL.11

Illt)(., ltl~il 10 (-( Nllp;II(. :iwll] will] lhc shnpc.s (Iclcllllilml I)y IIIIIlWIiC:Il prdir[ions. Will] :1V(’li
Ilr(l wl:llvli(-ill IIlo(lrl, [llL’ slrcssfs, s[rdills, illl(l (Iisl)l:lccnwllls Illily I)C pwliulrll for ltlc rlllilr
syslc IIl, IIIIIS cIl;ll-;l(-t(.[i/illj: [Ill: SIIUCIIII;II I)clfo[ll];lnuc of [’d s:llN)l/I(xl sysK-In, I{xl)clillwnl;ll
IIwll I(Mls silllil:ll 10 IIIOM” Ilsr(l I)y I .twhl [41 wrrc Ils(.(1 10 [cuol(t Ihc. (Iislork(l sll;?lx. 01”11)(.
\;ll)ot/l(ml sys[(.iII wllilc i[ \ViIS ]1} [IIC I;III II(.11 IIIIW, Nt)ll]clic.:11 il[]iilys~s u[iliml ;III cxl)li(. i[ IIII(o~
(Iill}( ll\loll;Il Iillil(. (’1(.111(.llt(-(MIC wilh tll(’ (..olislilliliv(- :ln(l sli(liq: ;Ilj:olilllllls ll(.(.(l(-(l 1“01IIl(h
(Iyll:lllll(’ ;Ill; lly!;(-+
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‘1’hc M829 s;dx~[/r(xi wtis [Ill[ncric;llly sut)jc~”[~xl [() [Ilr(.c s~q);lr;llc l:ll]tlc.h c’nvir(mlllcnls lo
dclcrminc i!s response [0 axial ;lnd l:ilCl_ill1(1:1(1S.‘l”lw I_iI-StI:lum’h cnvir(mnwn[ w;ls rcprc
scnlnlivc of a ]nunch u(mdilim wi[h mro o, :,ylllllwlric 1:~[1.r;ll lou(is. “1’his condi[io:l” was
mnsidcrcd [o isola[c the ~)(iiil accclcr:ltion CITCCIS. “Ilw sucon(i cnviltmmcnt w :IS rlhprcs~mnl;l[ivc
of n kmnch condi[irm wi[h minim;d lateral 10MIs. “1’hc lhird iv;ls r(’prcscnl;llivu- 01 signifiu;inl
la[cral loads. These Iattcr two environmc.nts occurred when [hc s:llx)[/rmi syst(’nl w:ls nccclcr-
:1114 down n rckltivcly s[riiigh[ mbc, which produced n~iniln:ll I:lk.r:ll hxl(ling, ;m(l ;i sligh[ly lwnt
[uk, which subjcc:ed the sabot/rcxi sysrcm m signillr;in[ l;l[cr;ll I(xI(Is. WIN Ihc I(xw[ions of
Ihc Iubc hcnds arc known, inslrunlcn[u[ion Gin l-w set up 10 rcxxml !hc r(x! displwwmcn[ os i[
Iravcls through the bcIId. When [hc geometry of IIW IUI)L’ :IIMi [I)c. p;lr:)nw[~’rs of Ihc lililli~l] cn -
vironm’n[ ilr~ known, ;1nunlcrical nltxicl CM hc gcllcr:llcd IL) IINN]cl c:lc’h ]: IUIIU]I ~11Viro[lIllUI1l.
“llw . ..lJcrirnenlal portion of the projccl uliliztd only the bent tuhc.

The launch tubes used for the project were l’20-nmI snmoth-bore tul.m. ‘l%c thickness of
the wall in the launch tube varied from 2.95 in. m ().78 in. Reinforccmcn[ hoops were loc~wi
at intervals down the tube. The litunch lube was mounlcd in [hc lnunch fixture ilnd wted as o
cantilever barn. The two launch tubes chosen for this project were a r~lilliv~ly str:ligiii :ubc
and it bent tube. Tl;c relatively straight tube is dcsignmd by llcl~ct l.i~boriitory ils SN 104 and
the bent tube as SNX 1. 13enet Labcmtorics inspected cnch tube for Iinc-of-sigh( smightncss.
Their in fipection reports are available in a report by S & 11 Dy~ii[nks [5]. The inspcc[ion
recorded Iatcml displacement from a datum bctwccn the ccntcrlinc ilt I}W ilft ml of [hc tube and
[hc centerline m the forward end.

The tube was modeled wi:h the A13AQ[JS finite clcmcnt W& [6] ii[d subjcchxi [o the
bmiy lcmis associated with gravity to detw-mine [hc [ubc dr(mp. ‘I”hc fini!c clcmcnf mesh was
g~n~ril[d using the preprocessor PAIRAN 17]. ‘i”lw il[~illysis Wils stn[ic, lincmly dw+t ic ilrld
Wils pcrf(mned to detcrnlinc the tube’s sh:lpc :~s :1 rcsul[ of Lrilvity ili]ti [() dchmninc the effect
the dr(x]p l~ils 0[1 the prejcctilc Piith. Tk lclil[iv~ly s[riiigh~ (SN 104) i~[l(l Iw[l[ (SN8 I ) lil~]ll~h
[uI)cs, ilr~ plottcxi to~;c[hcr in I:igure 2. ‘Illc two [Ilk mtltilcs rc[mxnl the luhc drool) illlti lillC-

of-sight s[rnightncss combined for ‘winch [uhcs SNH I :Imi Shl 104. ‘1’hcsc were the initi:d c(M~-
(lili(ms of Ihc hlunch lubes prior to I;lunctl.

2. ~NTAL W(.)~
‘i”lIt’ cxpcrim~:nt:d lxwti(m (i the rl:srill~.1~L.CIII(’IS ;IIOIIII(I [IIL. fIIll SLXIIC [cstini: of IIW MH20

s;lhodr(ul (I;ixurc I ) in il hcnt Inllllch Illl)r (i:i~:l]rr ?). ‘1”111’l)l-ill):lry (Ii;lfinos[ic I()()I is :1
.?..1 McV x riiy source [I];l[ is [Isc(l [() rl’cor(l tl](’ s: Il)OI/I.()(1 SI1;IIN’ :11 :1 kilo WI I lo~iitiol]” il) tl)~s
I;llllluh [Ill)c. I;orcucl] [CS[ iwrlimllr(i, tllr tlislt~llc(l Sll:ll)r \v;ls t’iullll:ll-c(l will) IIltw fl~~[]l
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S’1’A’l’loNA: ‘Illcpro~Nll;lnt isigl]itcd wi[l~ill] clcclric;ll cl]:irg~m,l)rlmss[]rcl)[lil[ls ill
1111.hrccch, :md [Iw sntx@”Lxl b(’gills[[}[r;lvclt![~lvll [Iwluhc’.

S’1’A’1’10N I\: llv;lctlilt~r p~r[s;lre l~attiat st;l[io[lI1. ‘1’wt~u;ll]l)ctil)irl swilchcs
:Irc illscrlctl ill[o Lhc Cvncunmr ports. When ltw ftmw;lrd bc]l of lhc s;IIx)I hils [he
pins, lhc signal is ruxmird and used wi a timing m;lrk [() sign:ll [h: x-r;ly uni[s. ,1
time interval nlc[cr tri:ggcrs [lIC 2.3 McV x-my [UFC m llrc :Ipproximntcly ().63 nls
:Iftcr [Iw pin swi[ch is tripped. The rime vtirics, depending on [hc [ubc’s :lxiid loc:l -
lion for [hc cxpcrimcnt.

S’~A’lION C: ‘llc [rigger from [he time intm-val riw[cr [ri~gcrs the 2.3-McV x-riiy

unit, nnd [hc unil pulses, recording the sabot/rod image on the shielded film prick
opposi[c the x-rr.y lube. ‘rhe location was chosen from code predictions of where
dw m:tximum Iatcrnl displacemcn[ should occur.

STATION 1): The sabot/rod system exits the limnch tuhc :Ind ucrodynnmic force:;
hcgin to strip the sabo[ pe[uls from the rod.

S’I’A’IION 1!: ‘Ilw salxx ~[als begin to Separu[c, and ii pair of ~rlh(.)g[)nid 150-kcV
X-l_ily lllbCS pill SC. ‘I-his records [hc rod and Silbo[ images on the film pricks uf[cr il
3.olLInS delay from IIW pin swi[ches.

S’I’A’1’10N F: A third intc.rval me[cr coums ilpprc)xiln:itcly 4.72 ms from the pin
swi[ch, then pulses the .seamd SC[ of orth~goilill x-r;ly Iubcs. This records the im:lgc
of IIIC SillM)[ illl(l rod.

I );I[;I I“r(ml [I]c 2.3-McV [ul)c WCIC USUI to dctcnninc [hc rod dcf~)tlnilti[~[l wjlilc it wils in
11)1’IIllx”, “I-lw flmr 150-kc\~ tubcs rccordcd Siilx)t wpilrnt i(>[l :IIKI r(rnl striiigh[ll~s~. ‘[Ic insufll -
cirnt x r;ty illtrllsily WilS (wl’rromc hy using mu!tiplc Idycrs 0( Iillll in [Iw x.r;ly c;ls:,ctlc. “Ihcy
wrrc iml(..wx! ‘Willl pim lo lmwi~lc nlignmu;t, A Id:l[!dcr pl:lccd nnmml [hc cn[irc film p:wk wws
rvm.u:l[(’(1 I() cllsurc jyxd scrl-cn-[~).fillll c(mulc[. Af[cr dcvcl(q)lncn[, [hc filll~s were sul)u[.-
iilll~(mvl I() ilqmwc c(frl’five cxl~{)s(lrc ;In(] si~ll;ll-t[) noise r;l[io, “I”hc IwIJ scp:mtc Iillus were
(Ii}’,i[izc(l f)ri N sc-ilnt]ing ll~icr(}-(lcllsi [(~lllctl-r, lIwI1 tlwir rrs~ll[s were ilv~rii~~(!. A rr~”(ms[ruclril
illl:ly.c, Ill which (Icnsity gfil(jirllt S wcr(” rclllovc(l ;In(j (“ontr:l!;[ W[ls oplillli7.c(j, \v:ls ust”(j [()

1)1ifl~ ()(1[ rcs(du[i(m illl(l fmlurcs rcqnird U) dclcrlnil]c the rtrd’s dis!(mcd !illillW.

!<;l[lifq:rqdls fro!ll X .rny unils 2 lhr[m~ll 5 were di~:i[iy,c(l 10 (!rtcrnlinc rtxj S[lili/:lltllCS$

II )111U;I(II rw!ioj:mph. ‘!-llc upper ilIl(l h)wcr r(d c(ll:cs were di~:ilizcd (m :1 I)CISOII;II cfJlllI)lllt.r
;111(1I’[’L’(II(I1’(I. I+CSIIIIS wfcrc lr;lllSllliltLxl 10:1 (’~ily UOIIII)IIICI” illl(! Illilllil)ll !:lll”(l willl [Illm ]Ilof:l; llll

“1”1)A1’IS1. ‘Ih IilIIYI ;II)(j hnvcr tY1/[cs WCN iiv~rii~(.(1 I() I) I(X!IICC IIK I(MI cc[llcr]ilw illl(! I!l~:II ii
11,in! (Ull[’1’ [M)lylloll)iill fit WilS (IOIIC 10 (1(.tcrl]lill(: 111(.r(d’s .It.i’tmlld S!I:II)C illolll! its tx.lltcrlilw.
“1’11(. 1’(’>111[S 01” II)C (jillil illl;ljYS~S Sjlo WL.fj tllr 1“()(!’S (1(. follllc(j Sjlill)CS ill IW() ollllof!oll;ll st;llio[l$

I(U (“;I(”II 1(’\l.

l{; 1(1II)l:IiIl)lIs I’1[)111 111~ l.,! McV x I;Iy Illli[ l(m)k silllij;ll IX.[WCCI) tvsIs. l’t~stl]l[w{ssill~! {}1”
tlitmilll;l!!c is Irtllliw[! to td~~:lil) ;I (lll:lll[it;l[_ivr (Irl’tmll;l[it)ll Iultlvlll ill tl~r rt~l. A Iyl)i(.;ll I:ltlif)
y.l;ll)h {:1 [tw MX?l) lMl[/l(Ml Sys[t’11) l; Ik(.11 wittl Illr p. ~ hl(hV x [ilv 1]1111 (Sl;llioll (’) illllj 1111111

III(. 1~() 1.( ‘V x IiIY II II II\ (Sl;l[i[}lls 1{ ;III1! 1“) iII(T \lII}WII III l: IjI, III(. ~. II) !II(. } I M1’V x Iiiv III(’

II /’l”l”i I(M! illl(l (Ii.l;lils, S11{”11ilS IIllc;l(l 10111) ;11!(110(I 1;11)(”1,ill(. (“h.;llly visil)h’, “I”llv till’;, Sill)lll,

iIIIIl WI II II WI(-(.11 ;II[. (.;isil~ (jli((-lilil)l(.. Altjlolll:ll I(y: l)~l!ill~ I(I (“l, )II(j III(. Iill;lj!(. 11(.;II III(. Il]t(.11],11

(ll:llll(.l(.! (II 111(’ I; II II1(II Iillw, III(. I(NI (kl;lilh ;IIC ;Nl(I(lll:llr 1{11l)osll)I( R.(.ssIIIII,. ‘l”lI i:, I;I(ll(~I!IdlJII

\v:It. 1:11..I*IIi~IllI ;I i,IIM)l/I~n! vrl(nily [)( ;Illl)l{l,xilil;llt.ly L}’I Lilds. ,1(} III. l’ttNll III(. IIIIIz~lt”,
“HI(” II II(I!IIC Illl;lj:r, J ~lI(IWS III(. I)cililllllt)}: (J1!l;IIM)I !~(”llilIilh(.11 Wllll .x lily’ Ill Ill Nllllll)cl . .

I; It II III, iIII(l III(* lf)w(. I illl;l~:r, tnht.1~ w’i III S I;Iy 111)11NIII; ilwI 5, \l14)\v\ [11[. \;ll)l)l l);ill\ :l\ tlll”v
( (}1)111111(. II} ‘,(”11;11;11(.Ilolll 111(- 1o11 ‘1’111. :tb!l 11,1(! ;1!1 ;Illl}l llxllll:ll”” VI. II M’IIV {11 1 (i) hill/~, \\ ’111”11111(.
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makrid mock]. The sliding surfaces occur bdwccn sabo[ pct:lls, tx-[wc~’n the ohturmor and [hc
l:iunch lube, and bc[wccn the forward be]] and the klLlllCh [ubt.

Rcslllts froln Tes[s 1, 2, and 3 were comparul wi[h rcsul[s from the numct-ical amdyscs.
These tests USUI lIw M829 s:ibot/rod in l;~unch tube SNR 1. The dcfonned sh:lpc of the rod ;It
the centerline was calculawd for each test and was plotted m the same displacement scale factor
as was used in the nunlcricid analyses. These results are superimposed on the clcfonncd finite
element mesh at the cm-responding axial locations in the launch tube. Shown in Figure 8 are the
comparisons at three scpmatc locations. The launch tube’s axial IOcatiof.s, rtithcr lhan times,
were chosen [o take into account the smtill differences in velocity between the physical testing
and the numerical analyses. The numerical analyses were pcrfonnd with an exit veloeity of
1.65 km/s, where the physical experiments showed velocities between 1.67 and 1.69 km/s.
Thus, axial location was used to compare the results. As indicated in Figure 8 the deformed
pattern from testing closely marches the numerical analyses. The top comparison shows the
rod 66 ~in. from the l~unch [ube muzzle. The measurement is made from the tail fins of the rod.
The middle comparison shows the rod 58 in. from the muzzle, and the bottom cornpa.risorl
shows it 51 in. from the muzzle. The data show that the numerical analysis deformation cycle
is slightly faster than shown in the physical tests. The effect is small. The general shape of
both tests and numerical analyses agree well. Table 1 is a summary of the tip and tail dis-
placements from both the numerical analyses and the physical tests.

With a verified model, stresses, strains, and displacements may be extracted from the
numerical analyses to determine the structural response of the system in the tube. The data are
voluminous, so only a very cursory view is presented here. The tip and tail lateral displace-
ment with respect to the center of gravity of [he rod is shown in Figure 9 for the M829
sabothod as it [ransits launch tube SN81. The von Mises stress contours are plotted on the
deformed mesh just prior to exiting the !aunch mbe in Figure 10. The distortfid geometry is
shown for the sabot/rod in all three launch environments. The perfectly straigh! launch
environment is used to isolate the stresses due to the axial load environment. Table 2 shows
the peak von Mises stresses that occur in each launch environment at seven selected times
during the launch proecss

‘1’able 1. A Gnparison of Tip and ‘1’ai] Ilisplilccmc[~[s: Ilxpcnmcntal Testing
vs Numerical Analyses of the M829 Sabot/rod in I,aunch Tube SN81.
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Fig. 7. 13ni[e Element Mesh of Sabot/md System id Laur:ch Tube.
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The rcsu;ts indica[c [hat for l:~unch tuhc SN8 1 [hc lii[~r:ll loxiings do no[ signiilcan[ly
ilffe~t [he sabo@d un[il [hc velocily has ificrcascd in (IIC latter st:lgcs of launch. A[ [his point
the effect compared with [ha~ of the perfe.c[iy strili@[ launch tube (PS), develops as mtlch m
29670 }Iighcr stresses bc.cause of the I:l[crid stress cnvironmcn[.

4. Y AND L(3N(.l,U51(_)N~
. . . .

With the setup and [he numerical and experimenud compcrwnts completed, sevcriil con-
clusions can be made regarding [hc mc[hdo]ogy cnlployd for the praject. The originid inttmt
of the project was [o eslablish a methodology that accurately describes the structural behtivior
of a sabot/ rod system subjcc[cd to in-bore lateral loading. To accomplish this, experimental
and numerical methods were employed [hat provided the detail required to make the necessary
comparisons betwetin launch environments. X-ray enhancement techniques and large com-
puters are necessary technologies for conducting a successful analysis. The experimental and
numerical pcmions of [he method complement one another by obtaining the independent data
required to fully characterize the sabo~rti structural response. The experiments provide a
benchmark for the numerical studies and subsequent informar.ion during satmt separation.

The numerical models provide detailed information about stress, strain, and displacement
histories that are not available from the experiments. Considerations and conclusions about the
numerical models used are noted here. The combination of the numerical and experimental
methods constitute the methodology employed in thi$ analysis. The most significant conclu-
sion about the methodology employed would be that the combination of numerical modeling
and full-scale experiments provides sufficient information to characterize the in-bore structural
behavior of sabot/rod systems. To be successful however, a thorough understanding of the
initial conditions, launch environment, system geometry, and loading conditions is essential.

s. ~
The United States Department of Army, Department of Energy and the Ballistic Research

Laboratory funded this research. The author wishes to recognize the contributions of
B. P. Bums, W. Biems, K. Fehsel, J. W. Straight, R. A. Lucht, R. E. Garcia, M. Avilla,
W. A. Cook, G. C, Langner, R. K. London, J. P. Bradley, M. A. Fletcher, W. D. Birchler,
and D. A. Marshall. This was n joint program between groups WX-4 and M-8, both of
Los Alamos National ‘Ldxmt[ory.

6.
[1]

[2]

[3]

[4]

[5]

[()]

17]

18]

l’)]

KEEmENms
Drysdalc, W. H., “Design of Kinetic Energy Projcctilcs for st~cturill Integrity,” US
Army Ballistic Research I,abornttlry technical report ARBRL-TR-02365, Abcrdccn, MD
(1981).
Ballistic Research Laboratory, “Sabot Annular Grmmws,” Ilrtiwing No. 12525543,
Aberdeen, MD (Oc[obcr 19, 1981).
Ilcnct Laboratory, “Tube,” Drawing No. 12529794, Wiitcrtown, MA (Deccmbcr 3,
1979).
Lucht, R. A., “In-Bore Radiography for Lnrgc-Caliber Guns,” in Procccdings from the
Tenth Intcmaticmd Symposium on II;lilistics, San Diego, CA (Ocmbcr 1987).
S & D Dynamics, “Dynanlic Anillysis of IIIU120 1111]1‘1.iink (;uII,” (~ontrilct Report BRl.-
(11<-576, Aberchxn, hl 1] ( 198’7).
Hibbet[, Karlson, tind St>rcnsofl Inc., ABAOUS
lJrovidCncc, RI ( 1985),

User’s Milll[lil! Version .l-f~,

P1jA Engineering, ~ATRAN PIUS (J ~~r’s MiIrlu;II I)I)A I{ngi[lccring, (!ostil MCS;I, (:A
(19X7).

——.,

I)irchlcr, W. 11., il[l(l Wlicat, 11. M., “’I-I)AI’ - ‘1’cS[ [)il[i~ An:llysis l’rogri)m,’” IA)s Alil[l]os
N;itional l~ibori]tory user lll~lllilill (ill prcpara[i(m), I xw AI; IIIIOS, NM ( 1989).
Iliilk]tlist, J. ()., ilil(l IICIISOH 1). J., “I)YNA.311 [Iscr’s Millllliil (Nonlinear I)yn:]miu
Ailiilysis [)f !jtrmxurcs in ‘illrcc -l)illlc[l.;i~)lls),’” 1,awrcl~rc 1.ivul-ll~(m:N;l[i[mnl 1,;~lx)r;lt[my
rcpmt [J(~ll) 1°502” Rev. 1, I,ivcrll]orc. (‘A ( 1087).


